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Irradiation damage drives complex and coupled phenomena in materials at far-from-equilibrium con-
ditions. The self-organization of nanoscale defects in materials under irradiation shows great potential
to tailor the physical properties of materials by controlling nanopatterned microstructures. Irradiation-
induced gas bubble and void superlattices are two important ordered nanostructures of great scientific
interest. Although both types of superlattices have been investigated extensively, a consensus has yet
to be reached on their formation mechanisms. In this review article, the current research status of gas
bubble and void superlattices in metals and alloys and their characterization, structural stability, and
mechanistic modeling are summarized. The fundamental research goals to advance the mechanistic un-
derstanding of gas bubble and void superlattices are outlined.

© 2021 The Author. Published by Elsevier B.V.
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1. Introduction

The self-organization of defects in materials leads to the forma-
tion of ordered defect superlattices. Self-organization has gained
significant interest as an approach to create nanomaterials with
tailored physical properties in which defects are used as build-
ing blocks to form ordered microstructures. For example, Jia et al.
demonstrated that the self-assembly of thiolated Ag nanoclusters
leads to intriguing photophysical features and multicolor emissions
that can be applied in imaging, sensing, and photovoltaics [1]. The
formation of ordered defect superlattices could be useful in nu-
clear fuels to effectively store the fission gas and prevent large
structural distortions due to swelling, because ordered fission gas
bubbles could prevent bubble interconnection that drives detri-
mental behaviors [2]. Irradiation is a versatile tool to modify the
microstructure and chemistry of materials and has been success-
fully employed to create defect superlattices in metals, ceramics,
and semiconductors. Under irradiation, energetic particles such as
electrons, ions, and neutrons bombard materials and form non-
equilibrium conditions, resulting in supersaturated defects such as
vacancies and interstitials. The migration, annihilation, and aggre-
gation of these defects cause complex microstructural evolution,
and the ordering of defects occurs under certain irradiation con-
ditions.

Void superlattices were first reported by Evans in early 1970s
[3]. In his work, voids formed three-dimensional arrays in molyb-
denum (Mo) under 2 MeV nitrogen ion irradiation at 870 °C. Since
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then, void superlattices have been observed in many other body-
centered-cubic (bcc), face-centered-cubic (fcc), and hexagonal-
close-packed (hcp) metals and alloys [4-7], and electron and neu-
tron irradiation have also produced void superlattices. Ghoniem
et al. summarized the void superlattices observed in irradiated
fcc and bcc metals [8]. In general, void superlattices form dur-
ing a steady swelling regime over a wide range of tempera-
tures (~0.25 to ~0.5 Ty, where Ty, is the melting temperature
of the host matrix), and voids are randomly distributed outside
the tempeature range. The void diameter ranges from a few to
a few tens of nanometers and the void lattice constant is typ-
ically a few tens of nanometers. Consistent with Evans’s discov-
ery, the void superlattice in ion irradiated fcc and bcc metals typ-
ically exhibits a crystallographic structure identical with the host
matrix.

Similar to void superlattices, gas bubble superlattices (GBS)
have been observed in a number of fcc, bec, and hcp metals under
irradiation. The gas can originate from either implanted gas ions
or nuclear transmutation. Compared to void superlattices, the tem-
perature required for GBS formation is relatively lower (~0.15 to
~0.3 Ty), and the bubble diameter and bubble lattice constant are
both smaller. Johnson et al. reported helium (He) GBS in a variety
of metals under He ion implantation, such as Mo, vanadium (V),
tungsten (W), chromium (Cr), iron (Fe), and tantalum (Ta). The ran-
dom He gas bubbles become He GBS at temperatures around ~0.2
Tm [9]. The ratio of gas bubble lattice constant to bubble diameter
commonly falls between 2 and 5. Similar to void lattice structures,
GBS typically exhibits the same crystallographic structure as the
matrix.

0022-3115/© 2021 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Fig. 1. Transmission small-angle X-ray scattering of He implanted Mo. (a-d) X-ray diffraction patterns of He GBS in Mo irradiated to an ion fluence from 3 x 10% to 2 x 10"
He/cm? at 300 °C. (e) Plot of intensity vs scattering vector with a fluence from 3 x 10'® to 2 x 10'7 He/cm? at 300 °C. (f) Plot of intensity vs scattering vector at temperatures
from 150 to 450 °C with a fluence of 1 x 10" He/cm?. (g) Formation window of ordered gas bubble lattice and void lattice in Mo in terms of He appm/dpa and irradiation

temperature (T, /T). (Please see ref. [10] for the citations in the figure legend) [10].

To date, significant advance has been made in the formation,
characterization, and modeling of defect superlattices in materi-
als under irradiation. This review aims to summarize the recent
research progress on the creation of defect superlattices in met-
als and alloys by irradiation, their advanced characterization using
high-energy X-rays, the structural stability of defect superlattices
in harsh environments, and their mechanistic modeling. The fun-
damental research needed to further advance the understanding of
defect superlattice formation is also highlighted.

2. Formation of gas bubble and void superlattices

Irradiation-induced gas bubble and void superlattices have been
reported in a variety of metal and alloy systems. The devel-
opment of defect superlattices is strongly linked with irradia-
tion conditions and material properties. The irradiation parame-
ters, i.e., temperature, ion fluence, flux, and gas-atomic-parts-per-
million/displacement-per-atom (appm/dpa) are critical to the for-
mation of gas bubble and void superlattices. The temperature-,
fluence-, and flux- dependent He GBS formation has been studied
in bcc Mo (Fig. 1) and W [10,11]. He GBS is developed in Mo at
temperatures between 150 and 450 °C; below the lower limit, He
gas bubbles are randomly distributed, and above the upper limit,
the ordered GBS become disordered. Increasing the ion fluence im-
proves the ordering of He bubbles, until a GBS is formed. Once the
He GBS forms, the bubble lattice constant does not change with
increasing ion fluence. The higher ion flux leads to better bubble
ordering, smaller bubbles size, and smaller bubble lattice constant.
The effect of gas atoms is represented by the gas appm/dpa ratio.
With increasing He appm/dpa ratio, the lower temperature bound
for GBS formation is reduced, which could be a result of the high
binding energy between He atoms and vacancies stablizing vacan-
cies against recombination with self-interstitial atoms (SIAs). In ad-
dition, increasing the He appm/dpa ratio decreases the bubble su-
perlattice constant, as shown in W [12]. It is also interesting to
note that the irradiation conditions for void superlattices, with a
He appm/dpa ratio of zero, fall within the same formation window
for GBS, as seen in Fig. 1g, implying that a possible unified theory
could be developed for both gas bubble and void superlattices.

Material properties, such as chemical complexity and crystal
structure, have an important impact on the development of de-
fect superlattices. The effect of the chemical complexity of the host
materials on He GBS formation is studied in equiatomic concen-
trated solid solution alloys of FeNi and FeCrNiCo [13]. Increasing
the chemical complexity (i.e., going from FeNi to FeCrNiCo) in-
creases both the ion fluence and flux required to form He GBS.
Chemically biased diffusion of SIA clusters leads to smaller bub-
ble lattice constant and smaller bubble size. In addition, the struc-
ture of superlattices is dependent on the crystal structure of host
materials. In fcc and bcc metals, gas bubble and void superlattices
typically show the same cubic structure as the host materials. For
example, the spatial arrangement of He gas bubbles in perforated
Mo foils evolves from random bubbles to planar ordering on {110}
planes, and then to three-dimensional superlattices that show the
same bcc structure as Mo [10]. Unlike the cubic structure of GBS
in fcc and bec metals, superlattice in hcp metals and alloys are or-
dered on planes parallel to the basal planes. However, within each
bubble plane, bubbles are randomly distributed. Evans et al. re-
ported that krypton (Kr) bubbles in titanium (Ti), zirconium (Zr)
and Zr alloys are spatially ordered in planes or rafts parallel to the
basal planes under irradiation at temperatures from ambient up to
at least 400 °C [14,15]. Consistent with the spatial arrangement of
Kr bubbles in Ti and Zr, He bubbles in «-Zr also show good align-
ment along the basal plane after He implantation at 200 °C [16].

Although historical investigations have reported isomorphic
structures of gas bubble and void superlattices to their host ma-
terials, some recent studies have reported superlattice structures
that differ from host materials. Unlike the bcc structured He GBS
in perforated Mo foil, He GBS in bulk Mo shows an unexpected
tetragonal structure [17]. The lattice constant of He GBS mea-
sured from the in-plane orientation is larger than that measured
from the out-of-plane orientation. One possible mechanism pro-
posed for such difference is the change in elastic stress induced
by bubble swelling between foil and bulk materials, however, the
effect of stress on the formation of GBS needs further investiga-
tion. Another example of GBS lattice type deviation from host ma-
terials is the mixed xenon-krypton (Xe-Kr) bubbles in bcc struc-
tured y U-Mo [18]. The Xe-Kr GBS are created in U-Mo alloys ir-
radiated with neutrons at around 100 °C to a fission density of
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Fig. 2. (a-c) TEM micrographs of fission gas bubble superlattice in neutron irradiated U-Mo alloy at different magnifications. (d-e) Electron diffraction pattern at [011] zone
axis showing an fcc structured Xe-Kr GBS in bcc U-Mo. (f-h) STEM micrographs at three different zones confirming the Xe-Kr GBS has an fcc structure. [18].

4.5 x 102! fissions/cm3. The Xe-Kr GBS show an fcc structure in
bcc U-Mo that has been confirmed by transmission electron mi-
croscopy (TEM) and high-resolution scanning transmission electron
microscopy (STEM), as shown in Fig. 2.

3. Characterization using synchrotron high-energy X-rays

The nanoscale defects and features in irradiated materials
have been characterized by synchrotron high-energy X-ray tech-
niques, such as X-ray powder diffraction (XRD), small-angle X-
ray scattering (SAXS), X-ray absorption spectroscopy (XAS), nano-
diffraction/imaging, and X-ray fluorescence (XRF). Compared to
electron microscopy techniques, high-energy X-rays offer a more
global measurement of nanoscale defects and defect symmetry,
and the flexibility of selecting X-ray energy that allows macro-
scopic characterization of nanoscale structures in irradiated mate-
rials [19].

Recently, high-energy X-rays have been used to characterize de-
fect superlattices in materials. The structure, chemical composi-
tion, and lattice strain of defect superlattices have been success-
fully characterized by synchrotron high-energy X-rays. Grazing in-
cident small-angle X-ray scattering (GISAXS), a surface characteri-
zation technique, has been used to study the spatial arrangement
of He gas bubbles in Mo [17]. The two-dimensional GISAXS pat-
tern of He implanted Mo shows additional scattering spots from
He gas bubbles, suggesting their spatial ordering of He gas bubbles.
Both bubble size and bubble lattice constant are measured. The ex-
amination of bubble pressure is critical for determining the phase
of the atoms within bubbles. X-ray absorption near edge struc-
ture (XANES) has been used to measure the atomic structure of
Kr bubbles within Mo and their vibrational properties (Fig. 3) [20].
A "white-line" in the XANES spectra is observed at the Kr K-edge

absorption, followed by oscillations representing the backscatter-
ing from Kr neighbors. By comparing the “white-line” peak under
various pressures, the inner pressure of Kr bubbles is estimated to
be ~2 GPa (Fig. 3c). Molecular dynamics simulations show that
the phase of Kr atoms in the bubbles evolves from gas to liquid,
and then solid as the Kr-to-vacancy ratio increases. By decreas-
ing the temperature from 673 to 300 K, the Kr-to-vacancy ratio
required for liquid-to-solid transition decreases from 0.3-0.35 to
0.15-0.25. At 2 GPa, the Kr-to-vacancy ratio of the bubbles is 0.28
at 300 K, indicating that the Kr bubbles are solid in nature. Multi-
model high-energy X-ray techniques have been developed to char-
acterize irradiated materials, allowing more comprehensive charac-
terization. A coupled XRF and nano-diffraction/imaging technique
has been used to examine defects, elemental distribution, and lat-
tice strain in single-crystal W after Kr implantation [21]. The X-
ray nano-diffraction/imaging study reveals that a complex network
of local defect structures in irradiated W and a significant struc-
tural change across the irradiated and non-irradiated regions. Lat-
tice strain measurements based on a quantitative analysis of nano-
diffraction data suggest a clear increase in the lattice constant in
the Kr irradiated region.

Small-angle X-ray scattering (SAXS) provides quantitative infor-
mation of nanostructures in irradiated materials. SAXS has been
employed to measure the evolution of gas bubble size and bub-
ble lattice constant of He GBS in Mo and W at various fluences,
temperatures, and fluxes [10,11]. Fig. 1 shows the temperature-
and fluence- dependent He GBS formation in Mo, characterized by
SAXS. The bubble lattice constant is insensitive to the ion fluence,
but increases with increasing temperature and decreases with in-
creasing flux. SAXS has also been used to characterize the ordering
of solid bubble superlattice (Fig. 3b) [20]. The measurement of the
Kr bubble size and lattice constant by SAXS agrees well with the
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Fig. 3. Solid bubble superlattices in Kr implanted Mo. (a) TEM micrograph showing Kr bubble superlattices in Mo under Kr ion implantation at 400 °C to a fluence of
2.5 x 10'6/cm?. (b) SAXS measurement of Kr bubble superlattices in Mo. The 2D diffraction pattern and the plot of intensity as a function of scattering vector indicate the
formation of Kr bubbles superlattices. (c¢) XANES measurement of inner pressure of solid Kr bubbles in Mo. The inner pressure of solid Kr bubbles is ~ 2 GPa. [20].

measurement by TEM (Fig. 3a). The early-stage self-organization
of Kr solid bubbles in Mo has been systematically studied by
SAXS [22]. The critical fluence for the onset of Kr bubble order-
ing changes with implantation temperature. Similar to the He GBS,
the Kr bubble lattice constant show negligible dependence on ion
fluence, but increases with implantation temperature. The 2D SAXS
diffraction patterns suggest that Kr solid bubbles are only weakly
ordered in comparison to He GBS.

4. Structural stability in harsh environments

Studying the structural stability of defect superlattices could
help uncover superlattice formation mechanisms and help design
irradiation-tolerant superlattice microstructures. The structural sta-
bility of GBS and void lattices at high temperatures and under irra-
diation has been studied recently. The GBS with Xe-Kr bubbles in
U-Mo alloys shows exceptional thermal stability. During an in-situ
TEM heating test up to 0.78 T, no significant changes in bubble
size or lattice constant are observed [23]. Compared to the GBS
created by large noble gas atoms, He GBS created in Mo is only
thermally stable up to 0.39 Tp, [24]|. When annealed at 0.44 Tp,
for one hour, the ordered He bubbles become disordered and the
average bubble size increases from 1.1 to 1.6 nm [25]. The unex-
pected high thermal stability of gas bubbles with large noble gas
atoms has been studied with integrated ab initio calculations and
kinetic Monte Carlo simulations [26]. A unified theory for describ-
ing the energetics of He, neon (Ne), argon (Ar), and Kr bubbles in
bcc metals in group 5B (V, Nb, Ta), 6B (Cr, Mo, W) and 8B (Fe) is
developed and used to predict the lifetimes of noble gas bubbles
and their coarsening kinetics under thermal annealing at 0.5Ty,.
The coarsening behavior of noble gas bubbles via Ostwald ripen-
ing mechanism is identified and gas bubbles with large noble gas
atoms show stronger coarsening resistance due to the high disso-
ciation energies of gas-vacancy clusters and the low thermal emis-
sion rates of gas atoms from bubbles.

Irradiation creates excess point defects in host materials and
could lead to the instability of bubbles and voids, which could
thus disorder superlattices. The stability of He GBS in Mo has been
studied under in-situ Kr ion irradiation at 300 °C [25]. The He
GBS gradually becomes disordered under irradiation and the order-
disorder transformation completes at 2.5 dpa. The disordering of
He GBS is associated with a slight increase in He bubble size and
a broader distribution of bubble sizes. Phase-field modeling sug-
gests that irradiation-induced inhomogeneous growth and coars-
ening of voids and bubbles lead to the disordering of gas bub-
ble and void superlattices. In contrast to the low stability of He
GBS under irradiation, the Xe-Kr GBS in irradiated U-Mo shows
much higher stability under neutron irradiation up to ~ 1000 dpa

[27]. The Xe-Kr GBS in neutron-irradiated U-Mo is nearly perfect in
terms of bubble size uniformity and spatial arrangement, while He
GBS in Mo always show variations in bubble size and spatial mis-
alignment. The stability of perfect and imperfect void superlattices
has been studied and compared using a simplified 2D phase-field
model [25]. In a perfect void superlattice without void size and
spatial variation, voids grow in a homogeneous manner and super-
lattice configuration remains stable up to a high dose. In an imper-
fect void superlattice with spatial deviations from a perfect lattice,
voids with smaller inter-void spacing coalesce, leading to the dis-
ordering of superlattices. In an imperfect void superlattice with a
wide distribution of void sizes, inhomogeneous void growth occurs
in voids with varying void radius due to the different absorption
rate of point defects. The small voids finally disappear due to void
coalescence, and the superlattice becomes disordered as a result.
Both inhomogeneous growth and coarsening can be responsible for
the disordering of imperfect void superlattices under irradiation.

5. Mechanistic modeling

Several mechanisms have been proposed to understand the
formation mechanisms of gas bubble and void superlattices. The
importance of material anisotropic properties, such as elastic
anisotropy and diffusion anisotropy, on the defect superlattice for-
mation has been emphasized. First, elastic anisotropy is discussed.
A phase field model that considers both anisotropic elasticity and
anisotropic diffusion of vacancies is developed by Yu and Lu[28].
The model incorporates the free energy of mixing, interfacial en-
ergy, and elastic strain energy into the driving force of vacancy
diffusion, and the simulations suggest that the orientational pref-
erence in vacancy diffusion can be induced by elastic anisotropy.
However, this model has difficulties in explaining the formation
of void superlattices in bcc W, which is elastically isotropic. Also,
it cannot explain the formation of GBS occurring in lower tem-
perature regimes, where diffusion of vacancies is limited. Next,
the study of anisotropic diffusion of SIAs is presented. The three-
stage formation process of superlattices points to the importance
of anisotropic diffusion of SIAs. Evans performed rate theory anal-
ysis and concluded that two-dimensional diffusion migration of
SIAs causes the concentration variations of SIAs on close-packed
planes, leading to the formation of two-dimensional planar order-
ing of voids and then three-dimensional void lattices [29]. The
two-dimensional diffusion mechanism has successfully explained
the three-stage formation process of void superlattices and pre-
dicted the void lattice structure and the ratio of the void lattice
constant to the void radius. Gao et al. developed an instability the-
ory for void superlattice formation within a rate theory framework
[30,31]. An instability occurs when the uniform vacancy concen-
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Fig. 4. Snapshots of atomic kinetic Monte Carlo simulations showing the formation process of three-dimensional void lattice in Mo. (al-d1) at 1173 K, spontaneous phase
separation leads to a perfect void superlattice. (a2-d2) at 1373 K, individual void nucleation and growth give less ordering of void lattice. (e) Radial distribution function of
vacancies showing nucleation and stabilization of void lattice and evolution of void lattice constant at 1173 K at different dpa levels. [30].

tration field turns into modulated concentration waves. With one-
dimensional diffusion of SIAs, symmetrical concentration waves
along certain directions will develop, and their superposition leads
to a three-dimensional superlattice (Fig. 4). This theory has pre-
dicted the irradiation conditions required for void superlattice for-
mation, the dependence of the void superlattice constant on the
irradiation conditions (temperature, dose rate, and fluence), and
the three-stage formation process of void superlattices. Semenov
and Woo considered the effect of isotropic diffusion of vacancies
and SIAs that contain a small portion of one-dimensional diffusion
of SIAs. Less than 1% one-dimensional diffusion of SIAs leads to
the formation of void superlattices [32]. To understand the forma-
tion of fcc Xe-Kr GBS in bcc U-Mo, Hu et al. proposed that fast
one-dimensional diffusion of U interstitials along <110> directions
could lead to the gas bubble alignment along <110> directions in
U-Mo [33].

The difference in formation processes between GBS and void
superlattices originates from the interaction between gas atoms
and host materials. Density-funcational thoery-based ab initio cal-
culations are performed to predict lattice site preference, formation
energetics, binding energies with vacancies, and migration path
and barriers of noble gas atoms (from He to Kr) in bcc transition
metals [34]. Although He consistently prefers tetrahedral sites over
octahedral sites in all bcc transition metals, Ne, Ar, and Kr prefer
octahedral sites in group 5B (V, Nb, and Ta) and tetrahedral sites
in group 6B (Cr, Mo, and W) and 8B (Fe) metals. The formation
energy of noble gas atoms increases with the atomic size of the
gas atoms and with the charge density at the sites where the gas
atoms are located. Larger noble gas atoms and higher charge den-
sities lead to more perturbation in the local electron density due to
the repulsion between the gas atoms and the charge field. The high
formation energy leads to strong binding between gas atoms and
vacancies. This can explain the exceptional thermal stability of Xe-
Kr GBS compared with He GBS. The presence of gas atom-vacancy
complexes effectively suppresses the recombination of vacancies
and SIAs and stabilize vacancy clusters. This lowers the tempera-
ture required for GBS formation, consistent with the experimental
observation that GBS typically form at lower temperatures com-
pared to void superlattices.

6. Summary and outlook

This short review summarizes the recent research progress in
the formation, characterization, and modeling of defect superlat-
tices in metals and alloys under irradiation. The development of

bubble and void superlattices is strongly linked to the irradiation
conditions (temperature, ion fluence, flux, and appm/dpa ratio) and
materials properties (chemical complexity and crystal structures).
The advance in high-energy X-ray characterization provides more
insights into the structure, chemical distribution, and lattice strain
of defect superlattices, allowing the development of more com-
prehensive models for superlattice prediction. Anisotropic materi-
als properties, including elastic anisotropy and diffusion anisotropy,
show important implications for defect superlattice formation. De-
spite the recent research progress of understanding defect super-
lattices under irradiation, there remain many questions still to be
answered.

First, the role of anisotropic diffusion of SIA clusters on the de-
fect superlattice formation remains unclear. The anisotropic diffu-
sion of SIAs can explain the defect ordering in a large number of
materials systems; however, it cannot be applied to understand
the GBS formation in metals, such as bcc Fe, where SIAs diffuse
isotropically. In addition to the anisotropic diffusion of SIAs, one-
dimensional diffusion of SIA clusters is also expected to cause the
ordering of defects. Small interstitial-type clusters could exhibit
higher diffusion anisotropy compared to SIAs. One-dimensional dif-
fusion of interstitial-type loops with Burgers vector of 1/2<111> is
reported in «-Fe [35], supporting the SIA cluster diffusion hypoth-
esis. Additional theoretical research is needed to understand the
role of anisotropic diffusion of small SIA clusters on the gas bubble
and void superlattices.

Second, the mechanisms and kinetics of order-disorder trans-
formation under irradiation are not well understood. The imper-
fectness of void superlattices could accelerate disordering due to
the inhomogeneous growth and coarsening of voids under irradi-
ation. For GBS, the pressurized bubbles could be in gaseous, lig-
uid, or solid state, depending on the atomic radius of gas atoms
and irradiation conditions. The disordering mechanism of GBS un-
der irradiation could be different than void superlattices. The crit-
ical dose for the order-disorder transformation is dramatically dif-
ferent in different noble gas bubble superlattices (e.g., He GBS at
2.5 dpa, while Xe-Kr GBS at ~ 1000 dpa). The disordering kinetics
could also be dependent on irradiation conditions. The influence
of irradiation temperature, flux, and gas atom appm/dpa ratio on
the disordering kinetics of gas bubble and void superlattices needs
further examination.

Lastly, the effect of applied stress on the formation of defect
superlattices has not been fully studied. Applied stress shows a
considerable impact on the activation energy and migration paths
of defects. In bcc Fe, stress could induce anisotropy of migration
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rates along different directions and cause the rotation from <111>
to <100> of SIAs [36]. The energy landscape between <111> and
<110> dumbbells in bcc Mo is very shallow and suggested that
very small stresses within the sample would make the <111>
dumbbells rotate [37]. As such, the anisotropic diffusion path of
SIAs could be altered by the applied stress. Experimentally, the for-
mation of tetragonal He GBS in bulk Mo is attributed to the het-
erogeneous stress created by bubble swelling, while a full under-
standing of the effect of stress on the superlattice structures is still
missing.
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